In this paper, a novel intensity-based fiber optic vibration sensor using a mass-spring structure, which consists of four serpentine flexure springs and a rectangular aperture within a proof mass, is proposed and its feasibility test is given by the simulation and experiment. An optical collimator is used to broaden the beam which is modulated by the displacement of the rectangular aperture within the proof mass. The proposed fiber optic vibration sensor has been analyzed and designed in terms of the optical and mechanical parts. A mechanical structure has been designed using theoretical analysis, mathematical modeling, and 3D FEM (Finite Element Method) simulation. The relative aperture displacement according to the base vibration is given using FEM simulation, while the output beam power according to the relative displacement is measured by experiment. The simulated sensor sensitivity of 15.731 μW/G and detection range of ±6.087 G are given. By using reference signal, the output signal with 0.75% relative error shows a good stability. The proposed vibration sensor structure has the advantages of a simple structure, low cost, and multi-point sensing characteristic. It also has the potential to be made by MEMS (Micro-Electro-Mechanical System) technology.
Ⅰ. Introduction
Vibration measurement plays a major role in studying the dynamic behaviour and monitoring the health condition of machines. To avoid unpredicted failure and losses, it is very important to improve the reliability and accuracy of the sensors used for vibration monitoring [1] [2] . Traditional piezoelectric vibration sensors and magnetoelectric vibration sensors make a great contribution to scientific research and automate production process [3] [4] .
Compared to traditional piezoelectric vibration sensors and magnetoelectric vibration sensors, fiber optic sensors (FOSs) are suitable for long distance detection and have the advantages of small size, light weight, and good immunity to electromagnetic fields [5] [6] . Three types of FOSs are mainly used in [7] . FBG sensors are fabricated using a longitudinal .
Intensity-based FOSs are those in which intensity is modulated by an external parameter. For vibration detection, several configurations can be used, such as fiber-to-fiber coupling, moving masks/gratings, modified cladding and fiber microbending. They are usually low cost, versatile structures and allow noncontact detection applications [10] . But the high dependence of the reference of source power is a weak point of intensity-based vibration sensors [11] .
In this paper, we propose a novel intensity-based fiber optic vibration sensor using a mass-spring structure which consists of four serpentine flexure springs and a rectangular aperture within a proof mass. It has the advantages of a simple structure, low cost, and multi-point sensing characteristic. In Section Ⅱ, the proposed scheme is presented, along with a theoretical analysis in terms of the optical and mechanical parts. Section Ⅲ presents the design and feasibility test of the proposed fiber optic vibration sensor. Finally, we conclude in Section Ⅳ.
Ⅱ. Sensor Structure and Operation Principle
The proposed fiber optic vibration sensor system is shown in Fig. 1 , which consists of an optical coupler, an optical circulator, a mirror, a mass-spring structure, and signal processing part. The beam from the light source enters through a 1×2 coupler. One part of the beam is used as the reference signal, while another part goes through an optical circulator and is coupled into a collimator. The collimated beam is modulated by an aperture which is set within a mass-spring structure and returns into the collimator by reflection from a mirror with high reflectance. Then, the modulated beam enters the photo detector via the circulator.
Optical Part Analysis
As the intensity-based FOS needs a reference signal to minimize the influences of long-term aging of the source characteristics and to handle short-term fluctuations, we measured both the output signal output signal   , defined by the ratio of   to   , can be described as:
where  is the splitting ratio,  is the mirror reflectance,   ‫‬and‫‬  ‫‬represent the total losses in transmission of the modulated light path and the reference light path, respectively,‫‬  is the input light source power. Also, an intensity modulating function   is used to describe how much beam power pass according to the aperture displacement .
To validate the calibrated output signal characteristic of the proposed fiber optic vibration sensor, we considered that   changes to   +   :
Although   changes to   +  , the ′  is equal to   , which means the proposed system is insensitive to the input optical source power fluctuation.
In our experiment, an optical collimator was used 
Mechanical Part Analysis
In the design of our proposed sensor structure for use as an accelerometer, it is assumed that the base mounted to the structure being measured undergoes a motion of     sin   with amplitude  and frequency   . With the mass undergoing a forced vibration of  , the motion of the mass relative to the base, denoted as  , is defined by:
By solving the mechanical equation of resonant system:
where  is the mass,  is the spring constant and  is the damping coefficient, the mass undergoing a forced vibration of   can be described by:
where  is a constant,  and  represents the phase difference of transient response and steady state response between forced vibration and base vibration, respectively.       is the attenuation coefficient and       is the resonance frequency [12] .
In the forced vibration system, the response of the forced vibration can be assumed to be a superposition of the transient response and the steady state response. The transient part will disappear within a short time. While, the steady state part has the same frequency with the driving source. So that we usually consider the steady state response only:
The ratio of the relative displacement  to the external acceleration  applied on the proof mass in steady state is [12] :
where       .
As shown in Fig. 4 , the largest range for acceleration detection approximately in  ≤     ≤  with    is analyzed [12] . Note that natural frequency   here is considered as a constant. If the base frequency that we need to detect is over 0.2  , the ratio of the relative displacement  to external acceleration  applied on the proof mass will be nonlinear, that will lead to noise in detected signals.
If the accelerometer operates at low frequency,
which shows the mechanical sensitivity of the accelerometer.
Ⅲ. Design and Feasibility Test
To show the feasibility of the proposed fiber optic vibration sensor, we designed the configuration of sensor, simulated the mechanical part of the proposed sensor using 3D FEM (Finite Element Method) based on ANSYS 10.0, and validated the calibrated output signal characteristic of the proposed fiber optic vibration sensor with the input light source power fluctuation.
Design of Mass-Spring Structure
The design of the mass-spring structure is shown in Fig. 5 . The open end of one spring is attached to the connection, which is stiffer than the spring, while the other end is anchored. The short beams are not free to rotate, and can move only in the direction of motion. The connection beam is stiff and can be considered as a part of the proof mass; it is designed to reduce axial stress [13] [14] . The total spring constant,   , is calculated by [15] :
where ′ is the spring constant of one spring,  is Young's modulus,  is the thickness of the spring,  is the number of turns,  and   are the length and width of the long beam respectively.
FEM Simulation of Mechanical Part
For a better analysis of the mass-spring structure, Table 1 . Parameters of the designed mass-spring structure.
spring constant    N/mm were acquired by harmonic analysis based on ANSYS. The mechanical sensitivity    mm/G was found using Eq. (8) .
Note that the unit is G, where G is 9.8 m/s 2 . As a result, we found that the simulated results are in good agreement with the calculated results as shown in Table 1 .
We have mentioned that the optimum was acquired for    mm, which is why we choose a rectangular aperture 10 mm×4.5 mm for the simulation. Then by using the data measured and shown in Fig. 3 , the sensitivity    μW/G, the natural frequency     Hz, and the detection range of the proposed sensor  ±  G were found.
The simulation results of the relative displacement of the aperture according to the base acceleration with four different frequencies (0.05  , 0.1  , 0.2  , 0.4  ) were shown in Fig. 7 . The base undergoing resonance with different frequencies was assumed to be with base acceleration  as shown in Fig. 7(a) .
The response of base motion, the relative displacement of the aperture was shown in Fig. 7(b) .
In order to compare the responses of different base motion, the results were normalized. We found that when the frequency of base motion was over 0.2  , 
Calibration of Light Source
We have mentioned that the intensity-based Fig. 8 and Table 2 , we can see that the calibrated output signal   shows a good stability with relative error less than 0.75% to the average of mean value. All measured data were acquired by using 10000 times of measurement. As shown in Table 2 
Ⅳ. Conclusion
A novel intensity-based fiber optic vibration sensor using a mass-spring structure was proposed and the feasibility of the proposed sensor was presented. The mechanical part is designed and its feasibility is tested using FEM simulation program. The sensor parameters were given using the simulation and (1212) measured results. The simulated sensor sensitivity of 15.731 μW/G and detection range of ±6.087 G are
given. Using reference signal, the output signal is calibrated and shows a good stability with relative error less than 0.75% to the average of mean values.
We now focus on implementation of our proposed sensor. The sensor has the advantages of a simple structure, low cost, self-referencing, and multi-point sensing characteristic. As the collimator can be replaced by single-or multi-mode optical fibers and the mechanical part can also be miniaturized, our
proposed sensor also has the potential to be made in MEMS technology. 
